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Microgeographic differentiation in thermal performance curves 
between rural and urban populations of an aquatic insect














The	 rapidly	 increasing	 rate	 of	 urbanization	 has	 a	major	 impact	 on	 the	 ecology	 and	
evolution	of	species.	While	increased	temperatures	are	a	key	aspect	of	urbanization	
(“urban	heat	islands”),	we	have	very	limited	knowledge	whether	this	generates	differ-
entiation	 in	 thermal	 responses	 between	 rural	 and	urban	populations.	 In	 a	 common	
garden	experiment,	we	compared	the	thermal	performance	curves	(TPCs)	for	growth	
rate	and	mortality	in	larvae	of	the	damselfly	Coenagrion puella	from	three	urban	and	
three	 rural	populations.	TPCs	 for	growth	rate	shifted	vertically,	consistent	with	 the	










view	 that	 urbanization	 may	 drive	 life-	history	 evolution.	Moreover,	 because	 of	 the	
urban	heat	island	effect,	urban	environments	have	the	potential	to	aid	in	developing	
predictions	on	the	impact	of	climate	change	on	rural	populations.




Urbanization	 is	 rapidly	 increasing	 worldwide	 (Seto,	 Güneralp,	 &	
Hutyra,	 2012),	 and	 the	 differences	 in	 environmental	 conditions	
between	urban	and	 rural	areas	have	a	major	 impact	on	 the	ecology	
and	 evolution	 of	 species	 (Alberti,	 2015;	 Alberti	 et	al.,	 2017;	 Parris,	
2016).	A	key	environmental	difference	is	the	considerably	higher	mean	
temperature	 in	urban	areas	 (“urban	heat	 islands”;	Gaston,	Davies,	&	
Edmondson,	 2010),	 leading	 to	 extended	 growing	 seasons	 (Somers	
et	al.,	2013;	Yang,	Tian,	&	Chen,	2013;	Zipper	et	al.,	2016)	and	causing	Nedim	Tüzün	and	Lin	Op	de	Beeck	are	joint	first	authors.
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shifts	 in	phenology	 (Neil	&	Wu,	2006;	Townroe	&	Callaghan,	2014).	
Yet,	surprisingly	few	studies	looked	at	trait	differentiation	in	response	















(Angilletta,	 2009;	Yamahira	&	Conover,	 2002):	 (i)	The	TPCs	may	 be	
shifted	 horizontally	 (“hotter–colder”	 model),	 with	 the	 thermal	 opti-
mum	being	higher	 in	warm-	adapted	genotypes	than	in	cold-	adapted	
genotypes	 as	 predicted	by	 theory	 (Gilchrist,	 1995;	 Lynch	&	Gabriel,	
1987).	(ii)	The	TPCs	may	be	shifted	vertically	(“faster–slower”	model),	
with	 cold-	adapted	 genotypes	 having	 a	 higher	 performance	 than	
warm-	adapted	genotypes	at	all	temperatures	(for	continuous	thermal	






(“generalist–specialist”	 model),	with	 the	 performance	 breadth	 being	
narrower	 in	 genotypes	 with	 higher	 maximum	 performance	 than	 in	












replicated	 urban	 and	 rural	 populations	 of	 an	 aquatic	 insect	 using	 a	
common	 garden	 rearing	 experiment	 with	 a	 range	 of	 temperatures.	
While	 urbanization	 gradients	 correspond	 to	 temperature	 gradients	
(Parris,	2016;	 for	 the	here	studied	urbanization	gradient:	De	Ridder,	
Maiheu,	Wouters,	&	Lipzig,	2015;	Brans	et	al.,	2017),	we	focused	on	








We	 studied	 rural	 and	 urban	 population	 in	 Flanders.	 At	 this	 spatial	
scale,	populations	of	C. puella	experience	high	gene	flow	(Johansson,	
Stoks,	Nilsson-	Örtman,	 Ingvarsson,	&	Johansson,	 2013),	 and	 hence,	
our	 study	 entails	 microgeographic	 differentiation	 sensu	 Richardson,	
Urban,	Bolnick,	and	Skelly	(2014).	As	ectothermic	invertebrates,	dam-




Shama,	 Campero-	Paz,	Wegner,	 De	 Block,	 &	 Stoks,	 2011).	Very	 few	




2  | MATERIALS AND METHODS
2.1 | Study species and populations
Adult	C. puella	reproduce	in	early	summer	and	eggs	hatch	ca.	3	weeks	
later.	Larval	development	takes	ca.	10	months	(Lowe,	Harvey,	Watts,	
&	 Thompson,	 2009).	 This	 species	 is	 univoltine	 in	 central	 Europe	
(Corbet,	Suhling,	&	Soendgerath,	2006).	We	studied	three	rural	popu-
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time	constraints,	 such	as	 the	here	studied	damselfly	C. puella	 (Lowe	
et	al.,	2009;	Mikolajewski,	De	Block,	&	Stoks,	2015),	growth	rate	is	a	














fixed	 effects	 (Fox	&	Weisberg,	 2011).	 Significant	 interactions	were	
further	 analyzed	 by	 comparing	 least-	square	 means	 using	 contrast	
analysis.










independent	 replicates,	 thereby	 avoiding	 pseudoreplication),	 female	




To	 decompose	 the	 variation	 in	TPCs	 into	 contributions	 of	 “hot-












df	=	1,	 p < .001).	 Both	 the	 linear	 (Temperature	 ×	 Growth	 period:	
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χ2	=	225.2,	 df	=	1,	 p < .001)	 and	 the	 quadratic	 effect	 of	 temperature	
on	 growth	 rate	 (Temperature²	 ×	 Growth	 period:	 χ2	=	142.2,	 df	=	1,	
p < .001)	differed	between	the	two	growth	periods.	In	addition,	growth	
rates	were	ca.	2.5	times	higher	during	the	first	period	(0.041	day−1)	com-
pared	to	the	second	period	(0.017	day−1)	 (χ2	=	8176,	df	=	1,	p < .001).	
During	the	first	period,	increasing	temperatures	resulted	in	an	increase	
in	 growth	 rate	up	 to	28°C	where	 a	plateau	was	 reached	 (Figure	2a).	
During	 the	 second	period,	 the	TPC	had	 a	 concave	downward	 shape	
with	decreasing	growth	rates	at	temperatures	above	24°C	(Figure	2b).
Growth	 rates	 were	 higher	 in	 rural	 larvae	 than	 in	 urban	 larvae,	
but	 only	 in	 the	 second	period	 (Urbanization	 level	 ×	Growth	 period:	
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surface	 temperatures	 during	 summer	 have	 been	 reported	 to	 be	 
between	1.4	and	4.5°C,	and	 in	extreme	cases	up	to	8°C,	warmer	 in	
urban	 compared	 to	 rural	 areas	 in	 Flanders	 (De	Ridder	 et	al.,	 2015).	
In	line	with	this,	a	recent	study	reported	a	4.03°C	difference	in	mean	
summer	maximum	water	 temperature	 in	a	subset	of	 two	urban	and	







rural	 larvae	having	higher	growth	 rates	across	 rearing	 temperatures	








sociated	with	 changes	 in	 temperature	 likely	 are	 driving	 the	 vertical	









in	 the	 second	 period	 toward	 lower	 growth	 rates	 and	 a	 downward	
concave-	shaped	 TPC	with	 a	 lower	 thermal	 optimum.	 Such	 ontoge-
netic	shifts	in	TPC	for	growth	have	been	associated	with	the	decreas-
ing	temperatures	larvae	are	exposed	to	during	early	and	intermediate	
growth	periods,	 and	have	been	 reported	before	 in	Coenagrion dam-
selfly	 species,	 including	 the	 study	 species	C. puella	 (Nilsson-	Örtman	
et	al.,	2013;	Van	Doorslaer	&	Stoks,	2005).	The	high	thermal	optimum	
in	the	first	period	(28°C)	is	not	often	reached	in	the	study	ponds.	This	





temperatures	are	met	 infrequently,	 it	may	still	be	beneficial	 to	opti-
mize	growth	at	higher	temperatures	as	even	short	exposures	to	higher	
temperatures	may	allow	significant	gains	(Kingsolver,	2000).	Selection	
for	 high	 growth	 rates	 and	 reaching	 a	 larger	 size	may	be	 stronger	 in	
early	larval	stages	because	of	the	initial	high	larval	densities	(leading	to	
increased	cannibalism;	Hopper,	Crowley,	&	Kielman,	1996)	and	higher	
temperatures	 (leading	 to	 increased	 competition	 and	 intraguild	 pre-
dation;	Brown,	Gillooly,	Allen,	Savage,	&	West,	2004).	This,	 together	
with	 the	 identified	 trade-	off	between	early	and	 late	growth	rates	 in	
Coenagrion	damselfly	 larvae	 (Nilsson-	Örtman	et	al.,	2013),	may	have	
caused	the	higher	growth	rates	 in	 the	 first	compared	to	 the	second	
























Frazier,	Huey,	&	Berrigan,	 2006),	whereas	 intraspecific	 studies	 usu-
ally	 favor	 the	 “faster–slower”	model	 (e.g.,	 Izem	&	Kingsolver,	 2005;	
Richter-	Boix	 et	al.,	 2015;	 Yamahira	 &	 Conover,	 2002).	 It	 has	 been	
suggested	 that	 thermal	 adaptation	 (“hotter–colder”	 model)	 requires	
radical	 changes	 in	 the	 genetic	 structure	 (e.g.,	mutations	 that	would	
allow	for	an	 increased	growth	via	horizontal	shifts	 in	thermokinetics	
of	enzyme	function),	which	requires	time	of	the	magnitude	similar	to	





1995).	This	matches	 the	 general	 pattern	 that	 thermal	 specialization	
is	 only	 encountered	 infrequently	 (Angilletta,	 2009;	 but	 see	 Latimer,	
Wilson,	&	Chenoweth,	2011;	Richter-	Boix	et	al.,	2015).
The	majority	of	studies	reporting	vertical	shifts	in	TPCs	for	growth	
rates	 show	 this	pattern	 across	 large	geographic	 gradients	with	 little	
gene	flow	among	populations	(Conover	et	al.,	2009),	whereas	only	a	
handful	 of	 studies	 demonstrated	 this	 pattern	 at	 a	 microgeographic	
scale	 where	 gene	 flow	 can	 be	 high	 (but	 see	 Blanckenhorn,	 1991;	
Skelly,	2004;	Richter-	Boix,	Teplitsky,	Rogell,	&	Laurila,	2010;	Richter-	
Boix	et	al.,	2015).	Also	in	the	here	studied	C. puella,	gene	flow	is	high	
at	 the	 studied	 scale	 in	 Flanders	 (as	 indicated	 by	 the	 very	 low	 FST- 
values	 of	 ca.	 0.02	 for	 this	 study	 species,	 see	 Figure	2	 in	 Johansson	
et	al.,	 2013).	This	 indicates	 that	 selection	 for	 higher	 growth	 rates	 is	
especially	strong	to	counteract	the	homogenizing	force	of	gene	flow,	
thereby	supporting	accumulating	evidence	that	local	adaptation	may	

























rates	 (Conover	 et	al.,	 2009).	 Indeed,	 during	 the	 second	period,	 tem-
peratures	encountered	in	the	field	are	lower	while	 larvae	face	stron-
ger	 time	 constraints	 to	 reach	 a	 certain	 developmental	 stage	 before	
the	onset	of	winter.	 In	 support	of	 a	 stronger	 selection	 to	accelerate	
growth	rates	in	rural	populations,	growing	seasons	are	reported	to	be	





species	 (Mikolajewski	 et	al.,	 2015).	 However,	 systematic	 differences	











Nevertheless,	 even	when	 predator	 densities	 did	 not	 differ	 between	
urban	and	 rural	 ponds,	 predators	may	 impose	 stronger	 selection	 for	
reduced	growth	rates	in	the	urban	ponds	because	of	the	typical	higher	
predation	 rates	 at	warmer	 temperatures	 (e.g.,	De	Block	 et	al.,	 2013;	
Sentis,	 Morisson,	 &	 Boukal,	 2015).	 Larvae	 of	 the	 study	 species	 in-
deed	reduce	growth	rates	in	the	presence	of	predators	(Mikolajewski	
et	al.,	2005).	The	higher	 temperatures	 in	 the	urban	populations	may	
therefore	be	driving	the	lower	growth	rates	in	urban	populations	both	by	 
causing	 lower	 time	 constraints	 and	 by	 generating	 higher	 predation	
rates.	Furthermore,	differences	in	pollution	levels	between	pond	types	
might	 have	 contributed	 to	 the	 observed	 shift	 in	TPCs.	 Indeed,	 tad-
poles	exposed	to	a	herbicide	had	on	average	upwards	shifted	(“faster–
slower”	 differentiation)	 and	 narrower	 TPCs	 (“generalist–specialist”	
differentiation)	 for	 swimming	 speed	 (Katzenberger	 et	al.,	 2014).	Yet,	
the	expected	higher	contamination	 levels	 in	urban	waterbodies	 (e.g.,	
Gilliom,	 2007),	 together	with	 the	 absence	 of	 a	 generalist–specialist	
trade-	off	in	our	study,	make	this	scenario	unlikely.
Despite	 the	widespread	 evidence	 of	 urban	 heat	 islands	 (Gaston	
et	al.,	 2010),	 surprisingly	 few	 studies	 documented	 differentiation	 in	
TPCs	between	rural	and	urban	populations,	and	as	these	all	directly	
measured	traits	on	field-	collected	animals,	it	is	unknown	to	what	ex-
tent	 these	 differentiations	 are	 genetic	 rather	 than	 environmentally	
driven	(reviewed	in	Chown	&	Duffy,	2015).	In	the	only	study	consid-
ering	continuous	TPCs,	which	is	essential	to	discriminate	between	the	
models	 (Richter-	Boix	et	al.,	2015),	 two	different	patterns	of	 thermal	
differentiation	were	observed	when	rearing	four	species	of	soil	fungi	
directly	isolated	from	one	urban	population	and	from	one	rural	pop-
















shown	genetic	 adaptation	 to	urbanization	 in	 terms	of	 a	higher	heat	
tolerance	in	urban	populations	of	the	water	flea	Daphnia magna.










copepod	 Tigriopus californicus	 grew	 faster	 than	 southern	 popula-
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Urbanization	 is	 a	 major	 driver	 of	 microevolutionary	 change	
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